Abstract Cerebral blood flow (CBF) is uniquely regulated by the anatomical design of the cerebral vasculature as well as through neurovascular coupling. The process of directing the CBF to meet the energy demands of neuronal activity is referred to as neurovascular coupling. Microvasculature in the brain constitutes the critical component of the neurovascular coupling. Mitochondria provide the majority of ATP to meet the high-energy demand of the brain. Impairment of mitochondrial function plays a central role in several age-related diseases such as hypertension, ischemic brain injury, Alzheimer's disease, and Parkinson disease. Interestingly, microvessels and small arteries of the brain have been the focus of the studies implicating the vascular mechanisms in several agerelated neurological diseases. However, the role of microvascular mitochondrial dysfunction in age-related diseases remains unexplored. To date, high-throughput assay for measuring mitochondrial respiration in microvessels is lacking. The current study presents a novel method to measure mitochondrial respiratory parameters in freshly isolated microvessels from mouse brain ex vivo using Seahorse XFe24 Analyzer. We validated the method by demonstrating impairments of mitochondrial respiration in cerebral microvessels isolated from old mice compared to the young mice. Thus, application of mitochondrial respiration studies in microvessels will help identify novel vascular mechanisms underlying a variety of agerelated neurological diseases.
Introduction
The brain is one of the highest energy demanding organs in the human body with the third highest metabolic rate after the heart and kidney (Elia's Ki values 440 for heart and kidneys, 240 for brain and 200 for liver) (Wang et al. 2010) . Glucose is the obligatory energy substrate for the adult human brain except under special circumstances such as during development, starvation (Nehlig 2004) , and intense physical activity (van Hall et al. 2009; Belanger et al. 2011) when the brain can use other energy substrates such as glycogen, ketone bodies, and lactate. Even though the human brain is only 2% of the body's mass, its metabolic rate accounts for approximately 20% of oxygen and 25% of glucose consumed by the whole body (Wang et al. 2010; Belanger et al. 2011) . A continuous supply of oxygen and glucose is maintained by cerebral blood flow (CBF) to neural tissue through the complex web of blood vessels in the brain's vascular system (Williams and Leggett 1989) . A stable blood supply to the brain is achieved through regulation of cerebral vasculature by both the local and systemic mechanisms. The cerebral vasculature is endowed with neurovascular coupling that regulates CBF to local meet energy demand by coordinating the interaction of neurons, glia, and vascular cells (Girouard and Iadecola 2006) . Neurons and glia initiate signals for the vasodilation process, whereas vascular cells such as endothelial cells, smooth muscle cells, and pericytes carry out controlled vasodilation to increase CBF to provide more substrates for active part of brain (Girouard and Iadecola 2006) .
Interestingly, several age-related pathological conditions including hypertension (Girouard and Iadecola 2006; Csiszar et al. 2017; Tucsek et al. 2017 ), Alzheimer's disease (AD) (Farkas and Luiten 2001; Tarantini et al. 2017a) , and ischemic stroke (Iadecola 1993) are accompanied by impaired neurovascular coupling (Ungvari et al. 2010a) . Disruptions in neurovascular coupling not only reduce delivery of energy substrates but also impair the removal of deleterious by-products of cerebral metabolism which ultimately contributes to brain dysfunction in age-related cerebrovascular diseases (Girouard and Iadecola 2006; Tarantini et al. 2017b) . Previous studies have shown a strong correlation between decreased total cerebral blood flow and brain perfusion with aging (Girouard and Iadecola 2006; Farkas and Luiten 2001) . Similarly, cerebrovascular structure and function are profoundly altered in AD (Farkas and Luiten 2001) . Recent studies have shown that cerebrovascular dysfunction precedes the onset of cognitive impairment, and vascular impairment has been proposed as a causative mechanism of the dementia (Iadecola 1993; de la Torre 1994) . Ischemic stroke is also characterized by cerebrovascular dysfunction. It has been shown in both and focal and global ischemia models that with the onset of reperfusion, the cerebral circulation experiences a state of vasoparalysis due to the impairment of neurovascular coupling (Kunz and Iadecola 2009 ). Several studies have demonstrated that age-dependent decreases in CBF and reduced metabolic support for neuronal signaling may contribute to the neurodegenerative changes found in aging animals and humans (Ungvari et al. 2010a; Sonntag et al. 1997) . However, the exact mechanisms mediating the age-dependent decline in CBF are poorly understood.
Mitochondria play a key role in a variety of cellular processes. Primarily, mitochondria are the main bioenergetic organelle involved in ATP production, oxidative phosphorylation, and oxygen sensing. Additionally, mitochondria are important for redox and ion homeostasis (Grimmig et al. 2017) . They play an important role in cellular signaling and regulation of apoptosis (Dai et al. 2012; Ungvari et al. 2010b) . Mitochondrial dysfunction has been proposed to play a central role in cellular senescence and aging-related diseases such as AD (Grimmig et al. 2017; Castellani et al. 2002; Devi et al. 2006; Reddy and Beal 2008; Deepa et al. 2017 ) and ischemic brain injury (Starkov et al. 2004; Chan 2005; Sure and Katakam 2016; Yu et al. 2017) . It has been shown that cerebral microvascular endothelial dysfunction and increased oxidative stress impair neurovascular coupling contributing to the age-related decline of higher cortical functions (Tarantini et al. 2018 ). There is increasing evidence supporting the importance of mitochondrial function in a range of age-related cellular impairments, but their role in cerebral microvasculature and neurovascular uncoupling remains unexplored (Dai et al. 2012; Springo et al. 2015) . Thus, gaining the insights into mitochondrial bioenergetics in the microvasculature of the aging brain may help identify new therapeutic targets.
Many techniques exist to measure mitochondrial respiration in cultured cells and isolated mitochondria from different organs. However, there are no high-throughput techniques available to measure mitochondrial respiration in isolated brain microvessels to date. Previously, the Clark electrode (Clark 1956 ) and many oxygen electrode systems have been employed to measure oxygen consumption rate (OCR) in biological samples (Clark and Sachs 1968; Jung et al. 1999; Pasarica et al. 2009; Grassi et al. 1996) . More recently, Seahorse Bioscience introduced the Bmito stress test^using the Seahorse Extracellular Flux Analyzer as a complementary method for the assessment of mitochondrial parameters in adherent cell culture Katakam et al. 2014; Wu et al. 2007; Zhang et al. 2012) , pancreatic islets (Navarro et al. 2018 ) and isolated mitochondria (Sakamuri et al. 2018) . Agilent Seahorse XF Analyzer is a sensitive, robust, high-throughput, less labor intensive, and automated system compared to traditional Clark-type oxygen electrode and Oroboros Oxygraph-2 k systems (Oroboros O2k) (Horan et al. 2012) . Furthermore, Agilent Seahorse XF system can do internal calibration with background correction and can measure OCR, ECAR, and CO 2 parallelly (Horan et al. 2012) . Agilent Seahorse XF Analyzers can simultaneously measure OCR which is an indicator of mitochondrial respiration and extracellular acidification rate (ECAR) which gives information about glycolysis. The analyzer makes use of a disposable sensor cartridge with two fluorophores for measuring oxygen and pH in a transient microchamber formed by lowering sensor cartridge at the bottom of the well in the microculture plate at regular intervals (Ferrick et al. 2008) . For the first time, we have developed a high-throughput assay for real-time assessment of mitochondrial respiration in freshly isolated microvessels from the mouse brain using Seahorse XFe24 Analyzer (Fig. 1) . OCR measurements in the isolated brain microvessels using electron transport chain modulating agents such as oligomycin, FCCP, and antimycin A/rotenone allow for the determination of changes in the mitochondrial respiratory parameters such as basal respiration, ATP production, maximal respiration, spare respiratory capacity, proton leak, and non-mitochondrial respiration. Here, we validated our novel protocol for measuring mitochondrial respiration by comparing the mitochondrial respiratory parameters of microvessels isolated from young and old mouse brains.
Our studies showed decreased bioenergetic profile in brain microvessels isolated from aged mice compared to the microvessels isolated from young mice as shown in Fig. 2 . A detailed analysis of OCR measurements has shown that brain microvessels of aged animals showed significantly decreased basal respiration, maximal respiration, spare respiratory capacity, proton leak, and non-mitochondrial respiration compared to the brain microvessels from young animals as shown in Fig. 3 . These results are consistent with the previous reports of mitochondrial dysfunction in several age-related vascular diseases (Marzetti et al. 2013; Payne and Chinnery 1847; Izzo et al. 2018) . Furthermore, the findings from the experiments demonstrate the sensitivity of the novel assay by identifying the microvascular mitochondrial impairments even at the early stage of aging in 18-month-old mice.
Materials and equipment
Chemicals and equipment Heparin sodium injection, USP 5000 U/mL (NDC 25021-402-10), Fisherbrand™ We used 3 months (young) and 18 months (old) wild type (C57BL/6J strain) male mice purchased from Jackson Laboratory (Bar Harbor, ME). The rationale for using 18-month-old mice was to highlight the sensitivity of the novel assay we described here in detecting the microvascular mitochondrial impairments even at the early stage of aging. Isolation of microvessels from mouse brains protocol has been modified from previously published protocols (Silbergeld and Ali-Osman 1991; Yousif et al. 2007; Stirone et al. 2005; Merdzo et al. 2016 Merdzo et al. , 2017 .
Method of isolation 1) Inject each mouse with 50 μL (250 USP units) of intraperitoneal heparin. Anesthetize the mouse 15 min after heparin injection using isoflurane (VETOne, ID). 2) Perform an intracardiac perfusion using DPBS (approximately 20 mL for 5-10 min until the organs turn pale) to remove blood from the vessels. 3) After perfusion, cut the mouse head and section the skin with scissors from the neck to the nose and peel of the skin. Wash the head with DPBS to remove the small hair on the skull. 4) Cut the skull into two parts on the top using scissors and pull the broken skull away to expose the brain. Use a spatula to lift the brain from the bottom and place it in ice cold DPBS on ice (be Fig. 2 Bioenergetic profile of microvessels isolated from young and old mouse brains. Seahorse mito stress assay was performed to measure OCR in freshly isolated microvessels from young and old mouse following sequential injection of oligomycin, FCCP, and antimycin A/rotenone to determine key parameters of mitochondrial respiration. Microvessels from aged mice brains have shown decreased mitochondrial respiration compared to microvessels from young mice brains quick in removing the brain and transferring it into ice cold DPBS). 5) Place the 15-mL glass homogenizer with 5 mL DPBS on ice. Place the brain on filter paper and remove the hindbrain and olfactory lobes. Open the cerebral hemispheres using curved forceps and remove the white matter as much as possible. Then, roll the cortical hemispheres on the filter paper to remove large surface vessels. (This step is critical for microvessel yield and recommended to be performed on ice.) 6) Transfer the cerebral tissue to the homogenizer with 5 mL ice cold DPBS on the ice and homogenize using gentle strokes without generating bubbles until tissue is thoroughly homogenized (Depending on the force you use, it takes approximately 15-17 strokes.). Note: Use 2 to 2.5 brains per one 15 mL homogenizer with 5 mL DPBS. 7) After homogenization, transfer the homogenate into a new 50-mL conical tube. Rinse the glass rod and homogenizer with an additional 5 mL of DPBS to collect additional homogenate on the glass rod and in the homogenizer and transfer it to the tube with 5 mL homogenate. At the end of this step, each tube should have 10 mL of homogenate. 8) Centrifuge the homogenate at 3234×g (max speed) for 15 min using a tabletop centrifuge (5804R, Eppendorf, Hamburg, Germany). 9) After centrifugation, remove the supernatant carefully and resuspend the pellet in 10 mL of 17.5% Dextran. 10) Filter the resuspension through a 200-μm filter using a 5-mL pipette to remove unhomogenized tissue pieces or hair (Based on your interest in the microvessels size range, you can also use 300 or 100 μm mesh.). Note: Microvessels are very fragile and sensitive. Quality and yield depends on gentle pipetting during resuspension or filtration. 11) Centrifuge the filtrate at 7917×g (max speed) for 15 min using the centrifuge (5430 R, Eppendorf, Hamburg, Germany) 12) After the centrifugation, a dense white myelin plug at the surface of supernatant and microvessels pellet at the bottom can be seen. Go through steps 13 to 15 or directly to step 16. 13) Pour the supernatant with myelin plug into a new tube and shake the tube by hand a few times to mix Fig. 3 Effect of age on mitochondrial respiration in microvessels. OCR measurements showed that microvessels from aged mice brain showed significant decrease in a basal respiration, c maximal respiration, d spare respiratory capacity, e proton leak, and f Nonmitochondrial respiration. There is no significant difference in b ATP production between microvessels isolated from young and old mice even though there is a trend of reduced ATP production in aged brain microvessels. All data are expressed as mean ± standard error of the mean (mean ± SEM) and analyzed using a t test to compare two groups. n = 8-12 wells, microvessels separated from seven to eight mice each group. A p value of < 0.05 was considered statistically significant. GraphPad Prism 5 software was used for statistical analysis. * p < 0.05 ** p < 0.01 the homogenate. Centrifuge the suspension at 7917×g (max speed) for 15 min. 14) During centrifugation, clean the tube with microvessels pellet using Kim wipes rolled over Q-tips to remove myelin on the walls. Resuspend the pellet in 5 mL of 17.5% Dextran. 15) After the centrifugation of the new tube with myelin plug suspension, discard the supernatant with myelin plug and resuspend the microvessels pellet in 5 mL of 17.5% Dextran. Combine the two tubes with 5 mL suspension each and centrifuge at 7917×g (max speed) for 15 min. Note: Steps 13 to 15 are optional to improve microvessels yield. After first centrifugation with 17.5% Dextran, myelin plug still might have some microvessels. Resuspending the myelin plug with 17.5% dextran and centrifuging in the new tube will increase microvessel yield especially while isolating the microvessels from rat brain. 16) Discard the myelin plug and supernatant and clean the walls carefully with Kim Wipes rolled over Q-tips to remove any remaining myelin. 17) The pellet containing the vessels remains attached at the bottom of the tube. 18) Gently resuspend the pellet in 1 mL of 2% BSA solution and add an additional 1 mL of 2% BSA. Carefully resuspend the vessels. 19) Filter the microvessels suspension through a 40-μm filter into an empty 50 mL tube. Repeat the step with the extra 1 mL resuspension. Note: Make sure not to wet the filter walls during filtration. It will be hard to get a good yield as wetting the walls makes many of the vessels to stick to the walls and it will be difficult to wash them off the filter. 20) After filtration, flip the filter and place it over a new 50-mL conical tube. Use 2% BSA to wash the vessels off the filter into the new tube. Use enough force to wash off vessels from the filter but do not use excess force. It takes approximately 10 mL (use 1 mL each time) to wash off all the vessels from the filter. 21) Centrifuge 10 mL of microvessels suspension in 2% BSA at 7917×g for 20 min.
Measurement of oxygen consumption rate using seahorse XFe 24 bio analyzer Day before the assay 1. Open the Agilent Seahorse XF24 flux assay kit and place the sensor cartridge upside down next to the utility plate 2. Add 1 mL of XFe24 calibration buffer to each well of XFe24 sensor cartridge utility plate 3. Place the sensor cartridge back onto the utility plate by submerging the sensors in XF Calibrant buffer 4. Incubate the plate overnight in a non-CO 2 incubator at 37°C 5. Wrap the sensor cartridge utility plate tightly with parafilm to prevent evaporation of calibrant during the overnight incubation in a non-CO 2 incubator.
On the day of experiment
Preparation of seahorse assay media
During the last spin of microvessels isolation, prepare seahorse mito stress assay media by adding 450 mg of D-glucose (25 mmol/L), 2 mL of GlutaMax (4 mmol/L), and 110 mg of sodium pyruvate (10 mmol/L) to 100 mL of XFe Assay media. Keep the media in water bath at 37°C for 15 to 20 min and then adjust the pH to 7.42 using 0.1 N NaOH solution. Keep the assay media at 37°C until ready to use.
Seahorse assay 1. After the final centrifugation, remove the supernatant and gently resuspend the microvessels pellet in 2 mL of warm and pH adjusted assay media. Split the 2 mL of microvessels re-suspension (microvessels from two mouse brains) into two 2-mL tubes 2. Centrifuge the tubes (each tube has 1 mL of suspension from approximately 1 brain) at 800×g for 10 min Note: During the centrifugation, prepare drug solutions of desired concentrations in assay media. Make stock solutions of oligomycin, FCCP, antimycin/rotenone as follows.
Note: Oligomycin and FCCP stock solutions were made from Agilent seahorse mito stress kit and antimycin and rotenone stocks were made from drugs bought from Sigma-Aldrich. Oligomycin-100 μmol/L (in assay media). FCCP-100 μmol/L (in assay media). Antimycin A/rotenone-10 mmol/L (in 95% alcohol) 3. Decant the supernatant and resuspend the pellet into 100 μL of assay media by gentle pipetting 4. Add 50 μL of microvessels resuspension into each well of the seahorse micro culture plate (approximately 0.5 brain to each well). Centrifuge the plate at 1500×g for 12-15 min at 4°C 5. During the centrifugation, dilute the drug solutions to the desired concentrations as shown in Table 2) on seahorse XFe 24 analyzer's wave software and load the sensor cartridge plate with drug solutions in the ports for calibration 7. After the centrifugation of seahorse micro culture plate (from step 4), add 150 μL of assay media very carefully. Try to preserve the microvessels attachment to the bottom of the well 8. Incubate the plate in a non-CO 2 incubator until the calibration is done (At least 10 min). Exchange the calibration plate with the culture plate with microvessels and run the assay 9. After the experiment, take out the plate and transfer the content of each well to 2 mL tube and centrifuge them at high speed. Fig. 1 Immuno-labeling of microvessels 1. Decant the 2% BSA solution and resuspend microvessels in 300 μL 1× DPBS 2. Transfer 100 μL of suspension to 0.2-mL PCR tubes using a low binding tip. Make sure not to leave microvessels inside the tip while transferring 3. Use a mini centrifuge to spin down the microvessels to the bottom of the tube at each step (2000 g for 5 min) 4. Spin down the microvessels resuspended in DPBS and decant the supernatant and incubate the microvessels with 200 μL of fixing solution (4% para formaldehyde in DPBS) at room temperature (RT) for 20 min to fix microvessels 5. Wash the microvessels three times with DPBS at RT. (5 min each time followed by 5 min spin at 2000×g) 6. After three washes, add blocking solution (2% BSA solution in DPBS) and incubate for 1 h at RT (Gently mix the suspension using pipette for every 10 to 15 min to make sure that all microvessels in the suspension have access to the blocking solution) 7. Spin down the microvessels, decant the blocking solution, and resuspend the microvessels in primary antibody solution (diluted in 1%BSA in DPBS) and incubate overnight at 4°C 8. Wash the microvessels three times with DPBS, 5 min each time. Incubate the vessels with secondary antibodies (diluted in 1% BSA in DPBS) for 2 h at RT 9. After three washes with DPBS at RT, resuspend the microvessels in 50 μL of DPBS 10. Transfer the microvessels to a glass slide and remove as much as liquid possible. Apply the mounting medium with DAPI onto the microvessels and place the coverslip 11. Let it dry overnight at RT in dark. Take fluorescent images using confocal microscope or any fluorescent microscope Note: As shown in the Fig. 4a-d , immunolabeling of isolated microvessels from mice brains using fluorescent antibodies against von Willebrand factor (vWF), Zonula occludens-1 (ZO-1), microtubule-associated protein-2 (MAP-2), and glial fibrillary acidic protein (GFAP) has shown that microvessels were positive for endothelial cell marker and tight junction marker, whereas it is negative for neuronal and astroglial cell markers.
